We analyzed length polymorphisms of 377 simple sequence repeat (SSR) markers in 87 cultivated or wild soybeans, including Japanese elite cultivars and irreplaceable genetic resources. The average number of SSR markers in the 20 linkage groups was 18.9, with a range of 13 to 25. All SSR markers showed polymorphism on agarose gel electrophoresis, which revealed 1380 alleles for all accessions. The number of alleles at each locus ranged from 2 to 10, with an average of 3.7, and the polymorphic information content of each marker ranged from 0.02 to 0.86, with a mean of 0.44. Cluster analysis separated the accessions into three clusters. Most Japanese cultivars were found in cluster 1, which was further divided into three subclusters that corresponded to the geographic origin of the cultivars. Most foreign cultivars and all wild accessions were present in clusters 2 and 3, respectively. Our data on the polymorphism of these SSR loci should facilitate the genetic mapping of agronomically important traits and the choice of appropriate markers for marker-assisted selection in soybean breeding programs in Japan.
Introduction
Soybean [Glycine max (L.) Merrill] is one of the most important grain legumes in terms of its use as food, animal feed, and industrial material, with its seeds being characterized by a high content of protein and oil. It was planted on more than 94 million hectares worldwide in 2007, yielding 237 million tons of soybeans (FAS 2008) , more than 80% of which were produced in the United States, Brazil, and Argentina. In contrast, Japan is a leading consumer of soybeans, almost 95% of which are imported from the main producing countries. Even though more than 100 publicly developed cultivars have been released in Japan during the past 50 years, the average yield of soybeans in Japan is currently less than that in the main producer nations. Whereas the average yield worldwide increased by a factor of 1.4 over the last two decades, reaching 2.4 tons/hectare in 2002 (FAS 2008) , that in Japan remained at 1.7 tons/hectare during this same period (Ministry of Agriculture, Forestry, and Fisheries of Japan 2005). It is therefore imperative to develop new cultivars that are able to overcome the biological and abiological factors responsible for low soybean productivity in Japan in order to achieve a supply for the domestic market that is at least stable.
Soybean breeding has improved seed quality in Japanese elite cultivars for specific food products, such as tofu and natto. The introduction of new genetic resources into breeding programs may further improve agronomic traits and increase genetic variability and thereby lead to the development of high-yield cultivars. On the other hand, the introgression of desirable genes from such resources into breeding lines may result in detrimental changes in traits, such as seed quality (Jacobsen and Schouten 2007) . Markerassisted selection is a powerful tool for isolating the desired genetic loci and genetically refining the target traits of breeding lines (Peleman et al. 2005) .
Analysis of microsatellite markers, also known as simple sequence repeat (SSR) markers, has revealed higher levels of polymorphism in soybean than has that of conventional molecular markers such as restriction fragment length polymorphism (RFLP) and random amplified polymorphic DNA (RAPD) markers (Williams et al. 1990 , Akkaya et al. 1992 , Maughan et al. 1995 , Rongwen et al. 1995 . SSR markers are analyzed by polymerase chain reaction (PCR), with the amplification products being separated by electrophoresis on a polyacrylamide or agarose gel (Yu et al. 1994 , and they are inherited in a codominant manner (Akkaya et al. 1992) . In contrast to amplified fragment length polymorphism (AFLP) analysis, the analysis of SSR markers is a reliable and replicable method that is applicable to the entire soybean genotype. SSR markers have been successfully integrated into the linkage map of soybean (Cregan et al. 1999a , Song et al. 2004 . Song et al. (2004) constructed 20 linkage maps containing a total of 1849 markers, including 1015 SSRs, 709 RFLPs, 73 RAPD markers, 23 classical traits, and 29 others. These molecular markers have been applied effectively to the analysis of qualitative and quantitative trait loci and to marker-assisted selection in soybean (Cregan et al. 1999b , Concibidoa et al. 2004 .
We have now determined the genotypes of 377 SSR marker loci in 87 cultivated or wild soybean lines including Japanese elite cultivars and irreplaceable genetic resources, in order to estimate the genetic diversity and relationship among them. These data should facilitate the genetic analysis of agronomically important traits and the adoption of marker-assisted selection in soybean breeding programs in Japan.
Materials and Methods

Plant material
A total of 87 soybean accessions, comprising 8 wild accessions and 79 cultivars, including Japanese elite cultivars, was obtained from the National Institute of Agrobiological Science (NIAS) and soybean breeding stations in Japan. The origin and classification of each accession are described in Table 1 .
DNA extraction and SSR analysis
Total genomic DNA was extracted from bulk flour of three seeds of each soybean accession using an Automatic DNA Isolation System PI-50α (Kurabo, Osaka, Japan) according to Plant DNA Extraction Protocol version 2. PCR was performed in a reaction mixture of 10 μl containing 10 ng of total genomic DNA, 0.4 μM of each primer, and 5 μl of GoTaq Green Master Mix (Promega, Madison, WI, USA) and with the use of a GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA, USA). The amplification protocol comprised initial denaturation for 9 min at 94°C, 30 cycles of denaturation for 30 s at 94°C, annealing for 30 s at 47°C, and extension for 30 s at 72°C, and final extension for 7 min at 72°C. Amplification products were resolved by horizontal electrophoresis through a 3% agarose gel at 100 V for 40 to 60 min in 1× Tris-acetate-EDTA (TAE) buffer. The gel was stained with ethidium bromide, and the bands were visualized and photographed under ultraviolet light.
Data analysis
The polymorphism information content (PIC) for each SSR marker locus (i) was calculated according to the formula described by Keim et al. (1992) :
where P ij is the frequency of the jth allele of the ith SSR locus and summation extends over n alleles. Genetic similarity (GS) among genotypes was estimated on the basis of the proportion of shared alleles. All genotypes were scored for the presence (1) or absence (0) of SSR polymorphic bands. GS data were processed with the SAHN computational module of NTSYS-pc version 2.00 software (Rohlf 1989) . Genetic distance (GD) was calculated by subtracting the GS value from 1 and expressing the result as a percentage. All allelic information was subjected to hierarchical clustering analysis by Ward's method as well as to principal component analysis with the use of JMP 7 software (SAS Institute, Cary, NC, USA).
Results
Polymorphism of SSR loci
A total of 377 SSR markers were selected from the 1015 such markers in the 20 consensus molecular linkage groups (MLGs) (Cregan et al. 1999a , Song et al. 2004 ) on the basis both of the unambiguous banding patterns of the cultivars Fukuyutaka (JK05) and Jack (FA01) and the distribution of SSR loci throughout the entire genome. The selected SSR markers were relatively evenly distributed among the 20 MLGs ( Fig. 1) , with an average of 18.9 markers per linkage group and a range of 13 (MLG H) to 25 (MLG G). These markers were then analyzed in 87 soybean accessions. Examples of SSR allele patterns as revealed by agarose gel electrophoresis are shown in Figure 2 . All SSR markers were polymorphic, with 1380 alleles identified across all accessions. The number of alleles per marker ranged from 2 to 10, with a mean ± SD of 3.7 ± 1.2 (Fig. 3A) . Forty-nine SSR markers had only 2 alleles, whereas the marker Sat_064 had 10 alleles. The PIC, a measure of allelic diversity at a locus, ranged from 0.02 (Satt227) to 0.86 (Sat_064), with a mean ± SD of 0.44 ± 0.19 (Fig. 3B ). Among the 20 MLGs, SSR loci in MLG L showed the highest allelic diversity (average PIC of 0.51), with PIC values of 11 of the 18 loci being ≥ 0.5. In contrast, SSR loci in MLG H and MLG E showed average PIC values of only 0.37 and 0.38, respectively. In addition, we observed clusters of SSR loci with lower than average PIC values, such as those spanning Satt428 and Sat_289 in MLG D1b (average PIC of 0.31) and those spanning Satt565 and Satt718 in MLG C1 (average PIC of 0.34), as well as clusters of SSR loci with higher than average PIC values, such as those spanning Satt708 and Satt357 in MLG C2 (average PIC of 0.58).
SSR loci with an AT repeat motif showed a higher level of polymorphism than did those with an ATT or other repeat motif, consistent with previous observations by Shultz et al. (2007) and Hisano et al. (2007) . A total of 101 SSR markers with an AT motif thus yielded a mean ± SD PIC value of 0.54 ± 0.16, compared with values of 0.41 ± 0.18 and 0.40 ± 0.18 for those with an ATT motif (n = 257) and those with other motifs (n = 19), respectively. 
Genetic diversity
Among the 1380 alleles detected in the present study, 1168 were detected in the 52 Japanese cultivars, 1145 alleles were detected in the 27 foreign cultivars, and 1029 alleles were detected in the 8 wild accessions. A total of 102 alleles was detected only in the wild accessions. The average PIC values for the Japanese cultivars, foreign cultivars, and wild accessions were 0.37, 0.45, and 0.49, respectively. These data indicate that the Japanese cultivars chosen for the present study have a relatively low level of genetic diversity in comparison with the other two groups. Calculation of GD for pairwise combinations of all soybean lines supported this conclusion. The GD values ranged from 12.6 to 67.3%, with an average of 44.1%, for all 87 soybean genotypes. Although the present results were obtained with a limited number of genotypes, the Japanese cultivars showed the lowest GD among the three groups of accessions, with a mean ± SD of 36.4 ± 5.0% compared with values of 45.3 ± 5.8% and 54.4 ± 3.1% for the foreign cultivars and wild lines, respectively ( Table 2 ). The native cultivars (landraces) and their pure line varieties of Japan (JI cultivars) showed the highest average GD (38.2 ± 5.3%) among the five groups of Japanese cultivars (Table 1 ). In contrast, the cultivars (JH) bred at Hokkaido Prefectural Tokachi Agricultural Experiment Station and Hokkaido Central Agricultural Experimental Station (HPAESs) and those (JN) bred at Nagano Chushin Agricultural Experiment Station (NCAES) showed the lowest levels of diversity, with average GD values of 30.6 ± 6.5% and 30.5 ± 5.7%, respectively.
Clustering of 87 soybean genotypes
Cluster analysis of the 87 soybean lines by Ward's method on the basis of the 377 SSR loci yielded a dendrogram composed of three main clusters (Fig. 4) . The cultivars (Fig. 4) . c Classification based on principal component analysis (PCA) of the 377 SSR loci (Fig. 5) . and wild lines were separated into two different groups, and the cultivars were further divided into two clusters that each contained subclusters. Most of the Japanese cultivars (41 of 52 lines) were grouped into cluster 1, which also included 3 foreign cultivars, Suweon 95 (FK02) and Tanishidaizu (FK04) from the Korean peninsula as well as Karafuto 1 gou (FO07) from Russia ( Fig. 4 and Table 1 ). Cluster 1 was further divided into three subclusters (a, b, and c), which also appeared to correspond to the geographic origins of the constituent cultivars. All of the JH cultivars with the exception of Suzuhime (JH13) were grouped in subcluster 1-c, whereas most of the cultivars (JK) bred at the National Agricultural Research Center for Kyushu-Okinawa Region (KONAR) were classified in subcluster 1-b. In contrast to subclusters 1-b and 1-c, subcluster 1-a included Japanese cultivars from both Tohoku (JT) and Kyushu-Okinawa (JK) regions. Cluster 2 was further divided into subclusters d, e, and f, and included the Japanese cultivar Suzuhime (JH13) and six cultivars (JT) bred at the National Agricultural Research Center for Tohoku Region (NARCT) in addition to most of the foreign cultivars (Fig. 4 and Table 1 ). Suzuhime, which was classified in subcluster 2-d, was derived from the progeny of Koganejiro (JH01) and PI184751, the latter of which was collected from China and used as a genetic resource for soybean cyst nematode (SCN) resistance (Sunada et al. 1981) . The U.S. cultivar Harosoy (FA03) originated as a BC 4 selection from progeny of the cultivar Mandarin, which was introduced from China (Weiss and Stevenson 1955) . It has been used frequently as a genetic resource for soybean mosaic virus (SMV) resistance at NARCT (Hashimoto and Nagasawa 1986 ) and was grouped into subcluster 2-e with the six Japanese cultivars in cluster 2 bred at NARCT. All the U.S. cultivars (FA) with the exception of Harosoy were grouped in subcluster 2-d, whereas the Chinese cultivars (FC) were classified into all three subclusters of cluster 2.
A two-dimensional scatter diagram of the 87 soybean lines was obtained by principal component analysis (Fig. 5) . The first two principal components of the 377 SSR loci accounted for 8.5% and 4.5% of the total variance. The first principal component completely separated the wild accessions from all the cultivars, and the combination of the first two components well separated the cultivars into two groups, consisting predominantly of the Japanese and foreign cultivars. However, the scatter plot showed some overlap between the cultivars from different geographic regions. Tanishidaizu (FK04) and Karafuto 1 gou (FO07) were thus classified into group 1 together with the Japanese cultivars, whereas Iponsangou (JI14), Matsufuku 1 gou (JI15), and Suzuhime (JH13) were scattered in group 2 with the foreign cultivars. The foreign cultivars were widely scattered on the plot. Data are the means ± SD (range).
Discussion
SSR markers are currently used in the analysis of genetic diversity and quantitative trait loci as well as in the construction of linkage maps (Marino et al. 1995 , Wang et al. 2001 . We have now analyzed 377 SSR loci distributed throughout the soybean genome in 87 cultivated or wild soybean accessions, including Japanese elite cultivars and important genetic resources. Diwan and Cregan (1997) Both of these previous studies applied high-resolution analysis systems for scoring alleles at each locus, whereas we resolved alleles by electrophoresis through a 3% agarose gel. However, the PIC values obtained in the present study, ranging from 0.02 to 0.86 with an average of 0.44, are similar to those reported in previous studies of SSR markers (Diwan and Cregan 1997 , Narvel et al. 2000 , Chen et al. 2006 and are higher than those recorded for RFLPs, RAPD markers, or AFLPs (Keim et al. 1992 , Thompson et al. 1998 , Ude et al. 2003 , Huan et al. 2005 . Given its simplicity, costeffectiveness, and high-throughput capability, the agarose gel electrophoresis system used in the present study could be readily adopted by small-scale laboratories, such as soybean breeding stations.
The observed genetic diversity of SSR loci was subjected to cluster analysis and principal component analysis. The multivariate analyses classified the 87 accessions, with a few exceptions, into three major groups consisting of Japanese cultivars, foreign cultivars, and wild accessions. Three foreign cultivars, Suweon 95 (FK02) and Tanishidaizu (FK04) from the Korean peninsula as well as Karafuto 1 gou (FO07) from Russia, were classified with most of the Japanese cultivars into cluster 1, probably because of the close relations among the corresponding geographic regions in modern history. The Japanese cultivars in cluster 1 were grouped into three subclusters (a, b and c) that corresponded well to the geographic origin of the cultivars. The JH cultivars bred in Hokkaido showed the lowest level of genetic diversity, with all but one of these cultivars being classified into subcluster 1-c. The cultivation of soybean was only initiated in the Hokkaido region during the frontier period of the 19th century. Fukui and Arai (1951) classified Japanese cultivars into nine categories on the basis of flowering time and maturity date, with cultivars in Hokkaido being characterized by early flowering and maturity for adaptation to the short growing season. In addition, there are major differences between Hokkaido and other regions with regard to cultivar requirements, such as resistance to diseases and insect pests. Only a low level of gene exchange would be expected to have occurred through breeding programs between JH and other Japanese cultivars. In contrast, subcluster 1-a included Japanese cultivars from across the country with the exception of Hokkaido and was more related to subcluster 1-b than to subcluster 1-c. Such clustering may reflect the pedigree relations and commonality of important agricultural traits in cultivars from different regions.
Several Japanese cultivars were grouped into cluster 2 with foreign cultivars, indicating a pedigree relationship. Chinese and U.S. cultivars have been utilized in Japanese breeding programs, especially at NARCT and HPAESs, in order to introduce genes that confer resistance to SMV or SCN, and these foreign germ plasms have been successfully introgressed into Japanese cultivars (Zhou et al. 2000) .
Chinese cultivars were distributed into all three subclusters of cluster 2. The soybean cultivars of southeast and southern or central Asia, like those of American and European countries, are thought to have originated from Chinese germ plasm pools (Abe et al. 2003 , Ude et al. 2003 . Although our present results were obtained with a small number of foreign cultivars, they also reveal close relations between Chinese cultivars and other foreign cultivars.
The genetic similarities and distances of the SSR loci in the present study were indicative of a low level of genetic diversity in the Japanese cultivars. In particular, recently developed cultivars are closely related among cultivars produced at each soybean breeding station. Foreign cultivars as well as wild accessions may serve as sources of exotic genes to increase genetic diversity in the improvement of Japanese cultivars. Marker-assisted selection is a powerful strategy for genetic refinement of target traits in breeding lines during the introduction of such exotic genes. We have now obtained allelic data for 377 SSR loci in Japanese elite cultivars and important genetic resources used frequently in breeding programs. Moreover, Japanese soybean breeders are developing segregating progenies such as recombinant inbred lines (RILs) and backcrossed inbred lines (BILs) from the soybean materials analyzed in the present study. Our data thus provide valuable information for selecting suitable SSR markers in target regions and for linkage analysis dependent on crossing combination. Table 1 .
